1. Residual antigenic protein in heat-denatured cow's milk whey and in two commercial infant milk formulas was determined using enzyme-linked immunosorbent assays specific for 8-lactoglobulin, a-lactalbumin, bovine serum albumin, bovine IgG, and a-casein. This immunochemical assessment of antigenicity was related to the capacity of the preparations to sensitize immunologically when fed to guinea-pigs for 2 weeks. Antibody production was measured and the susceptibility of the animals to systemic anaphylaxis was assessed by injecting them intravenously with heated or unheated milk proteins.
In recent years the percentage of mothers who breast feed has increased, but artificial formulas based on cow's milk protein are still widely used. It is becoming clear that early introduction of cow's milk protein into the infant's diet can lead to allergic disease but the proportion of infants involved is controversial (Bahna & Heiner, 1980) . Alternative formulas have been developed for babies with proven or suspected cow's milk allergy. They are based mainly on soya-bean protein isolates or enzyme-hydrolysed casein. Neither approach is entirely satisfactory since preparations containing hydrolysed casein are complex to manufacture and soya-bean formulas can themselves cause immunological hypersensitivity (Ament & Rubin, 1972; Halpin et al. 1977; Perkio et al. 1981) . Indeed, soya-bean protein may be no less antigenic than cow's milk protein (Eastham et al. 1978) .
The effect of heat treatment on the antigenicity of cow's milk proteins has been investigated since early this century (reviewed by Hanson & Johansson, 1970) . In the 1950s Ratner et al. (1958a, b) showed that the antigenicity of whey proteins was reduced by heating but that casein was more heat stable. Recently, McLaughlan et al. (1981 a) observed that commercial baby milk formulas that had received severe heat treatment during manufacture sensitized guinea-pigs by mouth less efficiently than mildly heated preparations.
Previous work from this laboratory established that severe heat treatment of skimmed milk had little effect on its ability to sensitize guinea-pigs for systemic anaphylaxis when administered orally, but similar heat treatment applied to diafiltered whey completely abolished its sensitizing capacity. We proposed that it may be possible to produce a hypoallergenic baby milk based on heat-denatured whey and that such a preparation may be valuable for babies with genetic susceptibility to allergy and perhaps for those with proven cow's milk protein intolerance. The present study confirms and extends our previous results and compares the sensitizing capacity of heated whey with that of two conventional cow's-milk-based infant formulas.
MATERIALS A N D METHODS
Preparation of skimmed milk and whey and the method of heat treatment has been described previously . Whey was pasteurized by heating at 62O for 30 min and was given at a protein concentration of 8.1 g/l.
Infant milk formulas SMA powder and SMA Gold Cap liquid concentrate (Wyeth, Maidenhead) were prepared as recommended for infant feeding and had a protein concentration of 15 g/l.
Animals
Male Dunkin Hartley guinea-pigs (Greystone Guinea-pigs, Ringwood) were used for feeding experiments when they were 4 weeks old. Animals were maintained on batches of FDI diet (Labsure, Poole, Dorset) that had been shown to be milk-free by immunological testing.
Feeding experiments
Groups of four to six guinea-pigs were given heated or unheated skimmed milk or whey or infant milk formulas to drink for 2 weeks (each animal consumed about 100 ml/d). The milk was then replaced by water and 6 d later blood samples were taken by cardiac puncture. The next day the animals were tested for systemic anaphylaxis by intravenous injection of 0.5 ml of skimmed milk, heated or unheated whey, or infant milk formulas.
Antibody measurements
Serum antibodies (IgG, IgG, and IgG,) to individual milk proteins were determined by an enzyme-linked immunosorbant assay (ELISA) . All assays were standardized with pooled hyperimmune serum. P-Lactoglobulin and a-casein were obtained from Sigma Chemical Co. (Poole, Dorset), bovine serum albumin and bovine IgG, from Miles Laboratories (Slough, Bucks) and the other milk proteins from colleagues.
Determination of residual antigenic protein in heated whey and infant milk formulas Residual undenatured P-lactoglobulin, a-lactalbumin, a,,-casein, bovine serum albumin and bovine IgG, in heated samples and infant milk formulas were measured by a competitive inhibition ELISA . Briefly, serial doubling dilutions of test samples were incubated with a standard dilution of antiserum and residual unbound antibodies were quantitated by ELISA. Control experiments showed that the antisera were all antigen-specific in the assay and that high concentrations of denatured protein in the test samples did not cause non-specific inhibition. Test samples were assayed in parallel with unheated skimmed milk and the number of doubling dilutions separating the mid-points of their respective assay curves was determined (Fig. 1) . The level of residual antigenic protein in the test samples was expressed as a proportion, to the nearest doubling dilution, of the level in unheated milk. The assay curves for heated and unheated milk proteins differed slightly in shape (Fig. 1) ; this may reflect a reduction in the affinity for antibody in partially denatured or heat-aggregated molecules. 
RESULTS
Immunoassay of residual antigenic protein in heated whey and infant milk formulas Results are shown in Table 1 . Heat treatment of diafiltered whey resulted in extensive denaturation of all the whey proteins, while the small amount of a,,-casein present was little affected. Comparison between the two commercial formulas showed that SMA Gold Cap liquid concentrate contained lower levels of antigenic a-lactalbumin, bovine serum albumin and bovine IgG,, and higher levels of P-lactoglobulin and a,,-casein than SMA powder. However, the differences between the two formulas were small and the levels of all the residual antigenic proteins were higher than in heated whey. instantaneously).
Heated to 77O for 16 s then 122' for 5.6 min.
Anaphylaxis in guinea-pigs drinking unheated or heated milk and whey or baby milk formulas for 2 weeks (Table 2 ) All guinea-pigs drinking unheated skimmed milk or pasteurized whey became sensitized so that when these milks were injected intravenously the animals died of anaphylaxis. Additional heat treatment of pasteurized whey abolished its anaphylactic sensitizing capacity (Table 2 , group 1). This confirms our previous results . Heat treatment of whey considerably reduced its capacity to elicit anaphylaxis in guinea-pigs sensitized by feeding with unheated milk (Table 2, group 2). Anaphylactic reactions occurred in three out of six animals injected with steamed whey and one out of six injected with autoclaved whey. Only one reaction was fatal. SMA powder and SMA Gold Cap liquid concentrate sensitized the majority of guinea-pigs for anaphylaxis (Table 2, groups 3 and 4). Slightly fewer animals reacted against SMA liquid concentrate than SMA powder.
Antibody production in guinea-pigs drinking unheated or heated milk and whey or baby milk formulas for 2 weeks (Table 3 ) Serum antibodies to whey proteins and a-casein were detected in all animals drinking unheated milk or pasteurized whey. In contrast, guinea-pigs receiving steamed or autoclaved whey failed to produce circulating antibodies to a-lactalbumin, bovine IgG, and bovine serum albumin. Low titres of antibodies to P-lactoglobulin and a-casein were detected in some animals.
The levels of serum antibodies to a-lactalbumin, bovine IgG, and bovine serum albumin in guinea-pigs given either of the baby milk formulas were very low, while anti-P-lactoglobulin titres were high and similar to those in animals drinking unheated whey. Guinea-pigs drinking either of the formulas produced antibodies to a-casein but titres were higher in the group receiving SMA powder. Fig. 2 demonstrates that P-lactoglobulin antibodies of the IgG, subclass were preferentially depressed in all guinea-pigs drinking heated milk or whey. Although antibody titres were high in animals given SMA powder and SMA liquid concentrate, a similar preferential depression of the IgG, subclass was still observed.
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Subclass of IgG antibody to P-lactoglobulin in guinea-pigs drinking unheated or heated milk and whey or baby milk formulas
DISCUSSION
The advantages of breast milk for most babies are well known, but artificial feeds must be available as supplements or alternatives. A reduction in immunological sensitizing capacity of cow's milk protein in infant feeds would be desirable, especially for babies with genetic susceptibility to atopic disease.
The value of feeding trials in guinea-pigs to predict the allergenicity of foods for man is uncertain. The pathogenesis of food allergy in man is poorly understood but shares with our guinea-pig experiments the special feature of immunological sensitization by the oral route. Guinea-pigs respond readily to oral presentation of antigen by becoming sensitized for anaphylaxis and producing high levels of antibodies. Their response may be a sensitive indicator of the antigenicity of food protein during digestion and absorption, but should not be interpreted to indicate the threshold dose of antigen for sensitization in man nor, therefore, the precise extent of heat denaturation appropriate for infant milk formulas.
Parallels between results in guinea-pigs and man have been drawn by other workers. Manuel & Walker-Smith (1981) observed that the speed of recovery of infants suffering from acute gastroenteritis, known to be especially susceptible to cow's milk protein intolerance, was affected by their milk formula. Pregestimil (based on hydrolysed casein) and SMA Gold Cap powder were beneficial, while ALl 10 (which contains purified casein) delayed recovery. They interpreted these results to reflect differences in the immunological sensitizing capacity 
b).
In the present study, guinea-pigs responded to unheated whey by producing antibodies mostly to /3-lactoglobulin and bovine IgG,. Heat treatment of whey denatured the proteins to an extent where they failed to sensitize for anaphylaxis and evoked little or no antibody production. Very low levels of serum antibodies to /3-lactoglobulin and a-casein were detected in some animals. The reduction in antigenicity in vivo was accompanied by a corresponding decrease in antibody binding capacity in vitro and it is likely that the residual antigenic whey protein measured by ELISA reflected the antigenic stimulus in vivo. Not only did heat treatment abolish the anaphylactic sensitizing capacity of whey, but also it considerably reduced the ability of whey proteins to elicit anaphylaxis in animals sensitized by drinking unheated milk.
The proteins in SMA powder and SMA Gold Cap liquid concentrate were less denatured than in heated whey and were correspondingly more immunogenic in vivo. There was little difference in the sensitizing capacity of the two formulas although SMA liquid concentrate sensitized fewer guinea-pigs for systemic anaphylaxis than SMA powder, agreeing with the results of McLaughlan et af. (1981 a) . The two formulas differ from each other in the extent of heating applied during manufacture and in the ratio of whey:casein. SMA liquid concentrate is more severely heated and has a higher whey :casein value than SMA powder (60 : 40 compared with 20 : 80 in SMA powder). The opposing considerations ofconcentration and heat denaturation determine the relative levels of antigenic whey protein in the two formulas. For casein, which cannot easily be denatured by heat, greater heat treatment in SMA Gold Cap liquid concentrate increased antibody binding capacity in the ELISA. This anomaly may be due to changes in micellular structure during severe heat treatment of the SMA liquid concentrate which result in increased accessibility of antigenic determinants to antibody. Despite these results, SMA Gold Cap liquid concentrate evoked lower levels of antibodies to casein than SMA powder. A similar discrepancy between immunochemical and in vivo determination of antigenicity has been reported for casein in heated and unheated skimmed milk (Kilshaw et af. 1982) . Possibly, casein in severely heated preparations is more rapidly degraded during digestion and absorption and therefore constitutes a weaker antigenic stimulus to the guinea-pigs.
The observation that IgG, antibodies to /3-lactoglobulin were preferentially depressed in guinea-pigs given heated milk products suggests that production of this subclass, which is considered to be the principal anaphylactic antibody in guinea-pigs, was more susceptible to a reduction in antigen dose than IgG,. A similar dose relationship for parenterally administered antigen in adjuvant has been reported by Nakamura & Koyama (1975) . Thus, systemic anaphylaxis may not be the most sensitive indicator of immunological sensitization in guinea-pigs.
Our results suggest that heat treatment of whey protein may be a simple and logical strategy for producing a hypoallergenic baby milk. The proposal can be truly validated only by clinical trials. To avoid the formation of undesirable Maillard reaction products during heat treatment it would be desirable first to reduce the lactose concentration by diafiltration. Carbohydrates, vitamins and minerals could be added back later.
